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O ' Abstract. We investigate in detail 13 early-type field galaxies with 0.2 < z < 0.7 drawn from the FORS Deep Field. 

Since the majority (9 galaxies) is at z « 0.4, we compare the field galaxies to 22 members of three rich clusters with 
' z = 0.37 to explore possible variations caused by environmental effects. We exploit VLT/FORS spectra {R ~ 1200) 

, and HST/ACS imaging to determine internal kinematics, structures and stellar population parameters. From the 

I ■ Faber-Jackson and Fundamental Plane scaling relations we deduce a modest luminosity evolution in the _B-band 

of 0.3-0.5 mag for both samples. We compare measured Lick absorption line strengths (R5, H7, H/3, Mg;,, & 
, Fe 5335) with evolutionary stellar population models to derive light-averaged ages, metallicities and the element 

^ ' abundance ratios Mg/Fe. We find that all these three stellar parameters of the distant galaxies obey a scaling 

I with velocity dispersion (mass) which is very well consistent with the one of local nearby galaxies. In particular, 

VO ■ the distribution of Mg/Fe ratios of local galaxies is matched by the distant ones, and their derived mean offset 

in age corresponds to the average lookback time. This indicates that there was little chemical enrichment and 
no significant star formation within the last ^ 5 Gyr. The calculated luminosity evolution of a simple stellar 
' ■ ^ ■ population model for the derived galaxy ages and lookback times is in most cases very consistent with the mild 

' brightening measured by the scaling relations. 

• Key words, galaxies: elliptical and lenticular - galaxies: evolution - galaxies: abundances - galaxies: stellar content 

- galaxies: kinematics and dynamics - galaxies: distances and redshifts 
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Recently, it has become feasible to study physical param- Ip^essler et al.l tl98?) encompassing effective radius i?e, ef- 

eters of galaxies out to redshifts z « 1. Spectroscopy ^^^^.^^ ^^^^^^^ brightness and a. The chemical en- 

at lOm-class telescopes allows to determine the internal .i^hment history of the galaxies can be examined by com- 

^ . kinematics like rotational speed and velocity dispersion as ^^^-^^ absorption line strengths to evolutionary stellar 

- - ■ well as the age and metallicity distribution of the stel- population models 
lar populations. Spatially high-resolution imaging with 

the Hubble Space Telescope (HST) reveals morphologies, With these observational quantitative measurements, 
characteristic sizes and total luminosities of distant galax- it is now possible to perform robust tests of galaxy for- 
ies. In particular powerful are scaling relations that com- mation theories. The basic prediction of cold dark mat- 
bine the kinematics (sampling both dark and bright mat- ter (CDM) models of hierarchically growing structure is 
ter) and the stellar populations (baryons). For dynami- the gradual increase of mass of galaxies. Connecting this 
cally hot galaxies, such scaling relations are the Faber- mass assembly with the physics of star formation leads to 
Jackson relation (FJR; Faber fc Jackson , 1976,1 between further predictions for the evolution of the stellar popu- 

lations of a galaxy. The combination of characteristic ve- 

Send offprint requests to: B. L. Ziegler, j^^j^j^^ ^^^^ ^j^^^ ^^^j^ -^^ principle constrain the mass of 

e-mail: bziegler@uni-sw.gwdg.de 1 • 1 ^ _li • _l r i- ■ 1 ^ rm 

, . , „ r, , galaxies, but this transformation is degenerate, i he mam 

Based on observations with the Furopean Southern . ^ ,. ^ 111 1 • 1 

„, ^ ir T rn 1 /rio^ irrrnN i • pro blcm IS thc cutoti radius lor thc dark matter halo which 

Observatory Very Large telescope (LaO-VLlj, observing run ^ 

IDs 65.O-0049, 66.A-0547 and 68.A-0013. "i^st follow certain assumptions by considering various 

** Based in parts on observations (PID 9502) with the constraints which greatly affects the estimated total mass 

NASA/ESA Hubble Space Telescope, obtained at the Space of a galaxy. Thus, observations can better be taken to in- 

Telescope Science Institute, which is operated by AURA, Inc., vestigate the luminosity and chemical evolution and the 

under NASA contract NAS 5-26555. age distributions of the stellar populations. 
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For spheroidal (elliptical) galaxies, CD M simulations 
yield a dependence on environment (e.g. iBaugh et alJ 
Il996() . Galaxies born in high-density regions that evolve 
into rich clusters are cutoff from external influences much 
earlier on average than those in the field. Two third of 
the field ellipticals sho uld still get produced at z < 1 (e.g. 
iKauffmann et al1ll997ijl . whereas the last major merger 
between two large galaxies in high density environments 
ending up in a big elliptical is predicted to occur at some- 
what higher redshifts (e.g. iKauffmannI Il99(i ICole et all 
l2onnl) . These predictions manifest themselves in measure- 
able parameters like mean age, metallicity and element 
abundances on the one side and a specific luminosity and 
color evolution on the other side. Thus, field ellipticals, in 
particular the bri ght ones, should on average ha ve younger 
global ages (^e.g. IKauffmann fc Chariot Il998l) and more 
solar-like element abundance ratios fe.g. lThomaslll999(l 
than cluster ellipticals. 

The FJR & FP scaling rela tions fe.g. iBender et al\ 

I1992I) . the color-mag nitude (e.g. iBower et al.lll992t) and 
Mg-cr relations (e.g. iBender et alJ Il99.ll) of local early- 
type galaxies are very tight indicating that the bulk 
of their stars must have been formed at high redshifts 
(z > 2). Nevertheless, this homogeneity ca n be recon- 
ciled with the hierarchical merging scenario I Kauffmarml 
Il99fi|) . Difficulties arise because of a probable degeneracy 
between age and m etallicity effects, in particular for the 
Mg-(7 relation (e.g. iTrager et alJlioOOt iKuntschner et alJ 
l2002t iThomas et al.ll2005ir 

But the Fundamental Plane is very well suited to 
study the redshift evolution of the luminosit y (e.g. 
Bender et al.lll993) and the mass/light ratios fe.g. iFramJ 
19931). Observations up to z ~ 1 were predominantly 



carried out for (bright and massive) galaxies in clusters. 
Here, consistent results were obtained of a very mod- 
est brightening and slow decrease of M/L with z fully 
compatible with t he assumption of a very high forma- 
tion redshift (e.g. Ivan Dokkuin et aPliggst iKelson et alJ 
l2000t Ivan Dokkum fc Stan ford"2003V On the other hand, 
findings for high-z field galaxies are more discrepant. 
Some studies argue for a stro ng evolution fe.g. lTreu et alJ 
l2002t iGebhardt et all 12003') whereas other authors fa- 
vor a behaviour very similar to cluster galaxies (e.g. 
Ivan Dokkum fc Ellig||20o3 Ivan der Wei et alJl2004|) . The 
differences might mainly come from the low number of ob- 
served galaxies. But the sam ples might also be affected by 
the so-called progenitor bias ( van Dokkiim fc Franxl200ll) 
in the sense that the selection criteria for early-type galax- 
ies differ strongly among researchers. 

Many stellar population studies of the age and 
metallicity distribution have been carried out for lo- 
cal galaxies. The majority of cluster ellipticals have 
very old mean ages (w lOGyr), high metallicities 
(« 1 — 3 X Zq) and are enhanced in Mg over Fe 
compared to the solar ratio ([Mg/Fe ] y 0.3) (e.g. 
| Trag:er et aP I2OOOI: jPoggianti et all I2OOII: iMehlert et alJ 



pge 

120031 iFisenstein et a,]Jl2003l lThoma,s et a,]Jl200,^. There 
are trends between these parameters and the luminosity 



with less luminous galaxies having a wider spread and be- 
ing skewed to younger ages. A more diverse behaviour is 
found for SO galaxies in clusters. At least two families can 
be distinguished with one being very similar to the ellip- 
ticals and the other having younger luminosity-weighted 
ages (« 5 Gyr) indicating r ecent star formation act ivity. 
For field early- type galaxies. lKuntschner et al.l l)2002() find 
that they are younger (by 2 — 3 Gyr) but more metal-rich 
(by « 0.2 dex) than cluster galaxies exhibiting similar 
super-solar Mg/Fe ratios. In their recent study of field 
and cluster g alaxies compili n g high -quality data from sev- 
eral sources, iThomas et al.l l|2005j) show that mean ages, 
metallicities, and a/Fe ratios correlate with galaxy mass 
(a). Both zero-point and slope of the a/Fe-a relation are 
independent of the environmental density, while the ages 
of objects in low density environments appear systemati- 
cally lower accompanied by slightly higher metallicities. 

Little work has been done yet investigating ages 
and metallicities from absorption lines in distant galax- 
ies because the high S/N needed for such an analysis 
is achieved with only long exposures even at big tele- 
scopes and because individual lines can be severely cor- 
rupted by terrestrial spectral features in the red wave- 
length regime. But models of galaxy formation can be 
constrained much stronger by measurements at higher red- 
shifts because differences among the predictions are much 
larger. Ijones et al\ l)2000|) . for example, use combinations 
of H6 with metal lines measured in co-added spectra of 
several E and SO galaxies in clusters at z = 0, 0.3, 0.5, 
respectively. They claim that there is no significant dif- 
ference in the age-met allicity di stribution between these 
two galaxy types at any redshift. IXelson et al.1 l|200lh pre- 
sented a study of the evolution of the H7 and US Balmer 
absorption in galaxies in four clusters up to z = 0.8. 
Assuming that the same relation between these indices 
and velocity dispersion holds at all redshifts, they derived 
a modest evolution in the zero-point as expected for a 
passive evolution of old stellar populations and consistent 
with the evolut ion of M/L dete r mined from an FP anal- 
ysis. Recently, lEisenstein et al.l l|2003l) examined 22,000 
bright early-type galaxies from the SDSS averaging the 
spectra within bins of luminosity, environment, and red- 
shift (0 < z < 0.5) to produce high-S/N mean spectra. 
They confirmed that these L* galaxies have mainly old 
quiescent stellar populations with high metallicities and 
an excess of a- (Mg-) elements with respect to the solar 
value independent of environment or redshift. 

In this paper, we analyse the properties of galaxies 
at redshifts z « 0.4 both in clusters and in the field. 
In Section 2 our observations and data analysis is de- 
scribed. The Faber-Jackson relation and the Fundamental 
Plane are used to investigate the evolution in luminosity 
in Section 3. Measured absorption line strengths (Section 
5) are compared in Section 6 to stellar population models 
that explicitely take into account variations in the abun- 
dance of elements to explore the chemical enrichment his- 
tories of the galaxies. A summary and discussion is pre- 
sented in Section 7. 
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Throughout the paper, we adopt the "concordance" 
cosmology with r^matt gr = 0-3. fl). = 0.7. and Hq = 
70kms-iMpc-i Ce.g. iTonrv et al.ll2003(l . This yields a 
distance luminosity of 104.75 for the Coma cluster which 
is used as a local reference sample. 



2. Observations and data analysis 

2.1. Elliptical galaxies from the FORS Deep Field 

The spectroscopic observations of our sample of field el- 
lipticals were performed in parallel to those of late-type 
galaxies in the FORS Deep Field that form the basis for 
our analysis of the evolution of the Tu lly-Fisher rela- 
tion l|Ziegler et al.ll20n2HBohm et alJl2004l) . The main dif- 
ferences are that the early-type galaxy candidates were 
placed onto slitlets independent of their position angles 
and were observed with more than one MOS setup in many 
cases to increase the respective exposure time. All in all, 
nine different setups with the F0RS1&2 instruments at 
the VLT were acquired in three different observing runs 
with a total integration time of 2.5 hours for each setup. 
Typically, each setup contained 2-4 elliptical candidates. 

Object selection was based on the deep UBgRI pho- 
tomet ry of the FORS Dee p Field (FDF), which is described 
e.g. in lHeidt et alJ l(2fl0.1^ . Candidates were chosen accord- 
ing to their spectrophotometric type and their extended 
structureless appearance. Main criterium was the appar- 
ent brightness (i? < 22.0) in order to ensure sufficient S/N 
in the absorption lines for a robust determination of line 
strengths and velocity dispersions. Photometric redshifts 
were restricted to Zp < 0.6 of objects with an early model 
SED type (for a des cription of th e phot ometric redshift 
performance see e.g. iBender et all l|200l|) '). Although the 
twodimensional distribution of FDF objects indicated a 
cluster of galaxies with Zp « 0.33 and our primary goal was 
to target field ellipticals, we did not preselect against such 
candidates. After the spectral analysis, we could confirm 
that 15 out of 32 observed different elliptical galaxy can- 
didates are most probably members of a cluster. Taking 
our measurements of the radial velocities of these galax- 
ies, the lower limit for the velocity dispersion of the cluster 
is CTc ^ 430kms~^. Since the cluster center was not ob- 
served but only the outer parts, the true CTc is probably 
larger. At z — 0.33, the Mg5170 absorption feature is un- 
fortunately corrupted due to terrestrial absorption (the B 
band) making it impossible to accurately determine the 
internal velocity dispersion of a galaxy (see below). For 
that reason we do not include these cluster galaxies in our 
analysis and, from hence forward, when we speak of FDF 
galaxies only the field ellipticals are meant. 

The elliptical candidates were spread out among the 
spiral candidates for each setup placing them on a re- 
gion of the CCD corresponding to observed wavelengths 
where either the Mgf,-feature (Aq « 5170 A) or the G- 
band (Ao ~ 4300 A) should have been visible accord- 
ing to th e photometri c redsh ifts. As is described in more 
detail in iBohm et alJ l(2004l) the MOS spectroscopy was 



performed using grism 600 R with order separation filter 
GG435 with F0RS2 (September and October 2000) and 
FORSl (October 2001) at the VLT. With slit widths of 
1", a spectral resolution of i? « 1200 was achieved, the 
spatial scale was 0.2"/pixel, and seeing conditions were 
sufficient (varying between 0.4" and 0.9" FWHM) to meet 
the Nyquist theorem. 

Image reduction followed the usual steps of bias sub- 
traction, flat fielding, sky subtraction, and wavelength cal- 
ibration. Because some spectra exhibited spatial distor- 
tions, the images of each individual slitlet were extracted 
from the full frame after bias subtraction allowing the 
typical two-dimensional image reduction of long-slit spec- 
troscopy. All images of one respective slitlet including the 
science, flatfield, and arclamp frames were rectified in ex- 
actly the s ame manner with the procedure described in 
Ijager etal. ( 2.QQ4, ) to ensure correct wavelength calibra- 
tion. The spect ral rows of a n object were averaged using 
a Horne-based l|Hornelll986l) algorithm as implemente d in 
the irn age analysis software MIDAS ^ (see e.g.^ieglcr e t alJ 
l|200l|) '). Finally, the one-dimensional spectra of the re- 
spective exposures were summed up. In those cases where 
a galaxy was observed in two or three different MOS se- 
tups, the wavelength ranges covered did not match each 
other exactly leading to varying final count rates at dif- 
ferent wavelengths. 

The internal velocity dispersions a and the radial 
velocities v of the galaxies were determined applying 
the Fourier Correlatio n Quoti e nt (F CQ) method with 
an updated version of iBendeil l)l990|) . For each galaxy, 
cr and V were measured using 3-4 different kinematic 
standard stars. Deviations from star to star ranged 
from 2 to 20kms^^. Since only one good template star 
(SAO 162947) was available that was observed with FORS 
like the galaxies, three more K giant stars (SAO 32042, 
SAO 80333 & SAO 98087) were used which had been ob- 
served with MOSCA at the 3.5m-telescope at the Calar 
Alto observatory^ and have sufficiently resolved spectra 
(cr* ~ 55kms~^ around Mg;,). FCQ was run on either 
a "red" part of a galaxy spectrum (ideally covering II/3 
— Fe5335, but sometimes only Mgf, or only H/? could 
solely be used) or a "blue" part (around the G-band), in 
some cases (5 out of 13) in both regimes. In order to de- 
termine the instrumental resolution of the galaxy spec- 
tra, the widths of 3-5 emission lines of the respective 
arc spectrum used for the wavelength calibration were 
measured at wavelengths corresponding to Mgf, and the 
G-band separately. Typical instrumental resolutions are 
(Ti sa 90 — lOOkms"^. To provide the "correct" template 
for the respective instrumental broadening, each stellar 



^ ESO-MIDAS (Munich Image Data Analysis System) 
is developed and maintained by the European Southern 
Observatory. 

^ The German-Spanish Astronomical Center (DSAZ or 
CAHA), operated by the Max-Planck-Institut fiir Astronomie, 
Heidelberg, jointly with the Spanish National Commission for 
Astronomy. 
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spectrum was artificially smeared out to ct^ before its usage 
in FCQ. In the Appendix, we tabulate the error-weighted 
averages of a and v (corrected for the radial velocities 
of the template stars) and their respective errors for 13 
FDF field galaxies that had sufficient S/N . We give only 
either the values derived from the blue or the red spec- 
tral part depending on their quality, since only these val- 
ues are used for the analysis below. The signal-to-noise 
of a galaxy's continuum was determined with FCQ, too, 
which was calibrated with Monte-Carlo simulations using 
the stellar spectra. 

Absorption line strengths as defined in the Lic k sys- 
tem (jWorthev fc OttavianilllQQTtlTrager et alJll998l) were 
measured as described in IZiegler et al.ll|20nil) . To this pur- 
pose, the galaxy spectra had been artificially broadened 
first to match the instrumental resolution of the stellar 
Lick/IDS spectra [crms, ~ 210kms~^ around Mgb) before 
the equivalent widths were calculated taking the redshifts 
into account. The measured values were then corrected 
for the decrease in strength caused by the broadening due 
to the galaxies' internal velocity dispersions. The correc- 
tion functions for the different absorption lines were de- 
termined by simulating this effect with the stellar spectra. 
Lick indices of the galaxies can be badly affected if either 
the central bandpass or those that sample the pseudo- 
continuum of a line are redshifted into the region where 
telluric emission lines are so strong that the residual spec- 
trum after sky subtraction is too noisy. A line gets to- 
tally corrupted, if it falls onto the telluric absorption fea- 
tures of the A- and B-band. Since the FDF galaxies have 
varying redshifts different lines are affected in each case. 
Therefore, the quality of each measurement was checked 
individually and we give quality flags along with the line 
strengths and their (statistical) errors in the Appendix. 
The presented values are still not directly comparable to 
the central values of local galaxies that were measured 
on the Lick system. The reason for this is that the dis- 
tant galaxies are apparently so small that the slitlet of 
width 1" covered a large fraction of the light distribu- 
tion, typically 1-2 half-light radii Re- The observed line 
strengths are, therefore, only luminosity-weighted average 
values, which are not equivalent to the central values if 
a radial gradient across the galaxy exists. To take this 
effect into account, the measured values were corrected 
based on the logarit hmic gradients as they were deter- 
mined bv lMehlerteiTal. (2QQ3.) with high-5'/iV spectra of 
Coma cluster galaxies (see also I.Torgensen et al.l lIlOQfil) ^. 
The aperture of the 13 FDF galaxies were determined in- 
dividually considering both the slitwidth and the number 
of rows that were averaged by the Horne extraction algo- 
rithm. The same correction procedure was applied to the 
velocity dispersions, too. 

Structural parameters as well as the total bright- 
ness of a galaxy were measured on our HST/ACS im- 
ages of the FDF. With a mosaic of four pointings, al- 
most the entire field of the FDF was imaged through 
the F814W filter by the ACS/WFC with a total expo- 
sure time of 2360 s per quadrant. Analysis was performed 



on the pipeline-reduced images with an additional cos- 
mic ray rejection procedure. The two-dimensional surface 
brightness distribut ion of a galaxy w as fitted using the 
GALFIT package o f lPeug et a1.l ll2nn2h to determine total 
light and half-light radius. Four different fitting functions 
(pure de Vaucouleurs, pure Sersic with variable exponent 
(n = 1 — 4), and these two profiles in combination with 
an exponential disk component) were applied. Comparing 
the residual images and reduced x^-quality values, the 
best fit to the observed light distribution of a galaxy was 
assessed, which was in most cases the combination of a 
Sersic plus disk component. To test the robustness of the 
profile analysis, 2D-surface brightn ess fits were a l so per - 
formed using the GIM2D package of lSimard et all l|2002l) . 
Total magnitudes determined with the two methods agree 
well within the errors as well as with those values der ived 
with the SExtractor package ijBertin fc Arnoutsll996(l ap- 
plied on the groundbased / band images. The magnitudes 
were calibrated onto the Vega system with a zeropoint of 
25.478 and a color term of 0.042(1/ - /) + 0.012(1^ - i f 
(M. Sirianni, ESA STScI, priv. com.). Aperture colors 
(2"diameter) were taken from our groundbased photom- 
etry. K-corrections were calculated by convolving respec- 
tive filter transmission curves with the redshifted SED o f 
the elliptical template galaxy from iKinnev et iiD l)l99(il) . 
We checked for internal consistency by transforming ob- 
served _F814VF-magnitudes into rest-frame Johnson-B as 
well as observed FORS filter magnitudes that best match 
the redshifted S-band {g for 0.2 < z < 0.3 and R for 
0.3 < z < 0.7). The derived B^st values agree well with 
each other (differences are smaller than errors). 

Structural parameters, total magnitudes as well as the 
distance luminosities for the cosmology we use are given 
in the Appendix. 



2.2. Elliptical galaxies in distant clusters 

To explore possible differences in galaxy evolution due 
to environment, we investigate here in addition to the 
field galaxies also early-type galaxies in clusters. Since 
the majority of the FDF galaxies have redshifts around 
z « 0.4, we take galaxies from three clusters at z « 
0.37: Abell370, CL 0949+4409, MS 1512.4+3647. The 
image re duction and data analy s is was already pub - 
lished in IZiegler fc Bendal l|l997i) : iBender et all lll99al): 
ISaglia et al.1 l|200(l) ^ In contrast to IZiegler fc Bendeil 
l|l997l) , we here aperture correct line indices and the veloc- 
ity dispersions using the logarithmic gradients to be fully 
consistent with the field ellipticals. All other corrections 
and the derivation of the Lick line indices were performed 
as described above. Half-light radii and total luminosi- 
ties were determined on HST/WFPC2 i mages using the 
method described by 'Sagli a et alJ l)l997l) . Combining de 
Vaucouleurs and exponential surface brightness profile fits 
with their procedure is equivalent to the GALFIT mea- 
surements used for the FDF galaxies, so that the field 
and cluster samples can be directly compared to each 
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other here. Absolute magnitudes and pysical sizes were 
re-calculated for the cosmology adopted here. 

3. The kinematic scaling relations 

3.1. The Faber-Jackson relation 

As the first of the scaling relations that combine the kine- 
matics (representing both luminous and dark mass) to the 
stellar populations (baryons only) of g alaxies we investi- 
gate the Faber-Jackson relation (FJR, iFaber fc JacksonI 
Here, the absolute B magnitude and the velocity 
dispersion a of local cluster galaxies follow a tight rela- 
tion. In Figure^ we compare the distant galaxies to the 
local sample of el lipticals in the Virgo and Coma clusters 
from lPressler et ah. (1987 ') . The straight line is a principal 
comp onents fit to the nearby galaxies 1 Ziegler fc Bender! 
Il997(l . For this comparison, we use the luminosities of the 
distant galaxies as derived from the ground-based pho- 
tometry in order to have a somewhat larger sample (trends 
are the same when restricting to space-based magnitudes) . 
The FDF data points match the distribution of the dis- 
tant cluster galaxies very well. Both distant samples are 
tight and clearly offset to larger luminosities with respect 
to the local FJR. At low a a few galaxies with rather large 
offsets do exist in both samples. Excluding these outliers, 
the 17 distant cluster galaxies are brighter on average for 
given a by (AMg) = —0.55 with a standard deviation 
of 0.25. This general brightening is consistent with ex- 
pectations from passive evolution models if a formation 
redshift of z/ = 4 is assumed. For a simple stellar popu- 
lation the predicted _B-band evolution of such an object 
between z = (age 12Gyr) an d z = 0.4 (age 8Gyr) is 
AM^ = -0.50 (using models bv lMarastonl (2005} for two 
times solar metallicity and Salpeter initial mass function) . 
A similar offset is displayed by the ten FDF ellipticals: 
(AM^) = -0.37 with standard deviation of 0.27. 



3.2. The Fundamental Plane relation 

In Figure|21 we present the Fundamental Plane (FP) in 
the restframe B band. The edge-on projection is chosen 
in a way that the distant-dependent parameter Rg (effec- 
tive or half-light radius) is plotted on the x-axis, whereas 
the distant-independent parameters a and (S'-B)e (effec- 
tive surface brightness) are displayed along the y-axis. The 
local sample which defines the FP comprises both elliptical 
and S O galaxies in the Coma cluster from 'Dre ssier et aD 
Total luminosities and half-light rad ii of these 
galaxies were determined bv lSaglia et alJ l) 19931) in exactly 
the same manner as our distant cluster galaxies by a simul- 
taneous de Vaucouleurs and exponential fit to the respec- 
tive surface brightness profile. Th e straight line indica tes 
the principal components fit from 'Ben der et ahl l|l998() . 

The distant galaxy samples displayed here are reduced 
by two (FDF) and six (clusters) objects with respect to 
the FJR analysis, because these galaxies are not visible 
on the respective HST images. Not counting the galaxy 



with the smallest and largest radius, the distant cluster 
members are on average brighter by (AM^) = —0.50 with 
standard deviation of 0.19. This assumes that the slope of 
the FP does not change within the ~ 4Gyr lookback- 
time. This is equivalent with assuming that the structural 
parameters Re and a do not change within that time and 
that only the luminosity of the stellar populations evolves. 
The derived value of the global luminosity increase is then 
again compatible with a pure passive evolution of the bulk 
of the stars that have already old ages 8 Gyr) at the 
time of observations. 

The sample of distant field galaxies lacks the large el- 
lipticals and cD galaxies present in clusters of galaxies. On 
the contrary, the field sample encompasses some smaller 
galaxies. These objects display the largest luminosity off- 
sets from the local FP, but lie still within 2 a from the 
mean offset of the cluster galaxies. Excluding the two 
galaxies with "positive" evolution, the average brighten- 
ing of the remaining nine FDF galaxies is (AA/^) = -0.34 
with standard deviation of 0.28. 

The one outlying galaxy (object FDF 6336) has a very 
elongated and distorted appearance on the HST image. 
It's very low Sersic index may indicate the presence of 
a disk but the disk/bulge ratio is very small. In the 
Kormendy diagram (relating i?e to SBe) it is also an out- 
lier with either too faint a surface brightness or too small 
a half-light radius. The same behaviour is exhibited by ob- 
ject FDF 7796, which may have an overestimated a. The 
combined effect makes this galaxy look "normal" in the 
FP. But its appearance is again very elongated and dis- 
torted on the ACS image and it may be associated with 
a companion galaxy. The galaxies which are likely to be 
lenticular galaxies judging from their appearance do follow 
the same distribution in the FP as the ellipticals without 
any prominent disk. 

4. The Mgfe-(7 relation 

Another scaling relation that combines the kinematics to 
the st ellar population is the Mgf,~(T relation (f Bender et alJ 
In the following sections and figures we compare 
the distant galaxies to the recent compilation o f 124 
early-type local galaxies by iThomas et al.l l)2005|) that 
contains both morphological classes E and SO and en- 
compasses different environments from the field to clus- 
ters. They combined galaxies with high S/N measure- 
ments of absor ption line strengths a r id vel oc ity dispersions 
selected from [Gon zalez-Gonzalez' ("1993"); 'Mchlert et all 
2003 k iBeuing et al. (2002) and Mendes de Oliveira et al, 
20051). This compilation has the advantage for us that 



very similar methods to our procedures were used for the 
derivation of indices and a utilizing the same correction 
functions. Furthermore, model parameters of the stellar 
populations (see Sectional) are based on the same code. 
Thus, possible systematic biases between the distant and 
local samples are greatly reduced. 

In Figure|21 we show the Mgf,-cr relation of the local 
sample with the distant galaxies overplotted. We linearily 
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fit the total local sample by a bisector, since differences 
between the various local subpopulations are significantly 
smaller than the average offset displayed by both distant 
samples. For fixed a, Mgj, values are smaller with a mean 
offset of -0.8 A in both cases. Th is can be inte rpreted as 
evolution in age and metallicity l|Bender et al.l [l996'). To 
further explore this, we will compare below the measured 
equivalent widths of absorption features to evolutionary 
models of stellar populations in so-called line diagnostic 
diagrams (Sectional). In Sectional we derive model ages 
and metallicities and explore their dependence on mass cr. 

For galaxies with a > 250km s^^, the relation of the 
distant samples is as tight as for the local comparison 



galaxies. Smaller galaxies displ ay a larger scatter wh ich is 
compatible with the result bv iThomas et al.1 l|2005|) that 
low-m ass galaxies have more ex tended star formation his- 
tories. IZiegler fc Bendeil l|l997j) speculated whether some 
of the cluster galaxies with low Mgb for their a might be 
post-starburst E-l-A galaxies, where a recent 1.5 Gyr 
ago) starburst diluted the Mgf, feature. Those E-l-A galax- 
ies are thought to be intermediate between spirals and el- 
lipticals in the sense that two spirals are transformed into 
an early-type galaxy through merging. Although some 
of local representatives of this galaxy type have still dis- 
cernible disks, the ir surface brightne ss profiles are already 
bulge dominated ijYang et alJl2004^ and their kinematics 
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pressure supported l)Norton et alJl200lj) . One of the char- 
acteristics of E-l-A galaxies is their relatively strong ab- 
sorption in the higher Balmer lines like compared to 
quiescent ellipticals. Unfortunately, we can not access this 
issue for the cluster galaxies, because our spectra do not 
cover this "blue" part. Also, the [Oiii] 5007 line, if present 
in emission often used as indicator for ongoing star for- 
mation or for correcting the H/3 absorption for possible 
emission fill-in, falls into the atmospheric B band at red- 
shifts around 0.4 and can, therefore, not be used for this 
investigation. 

In the case of the PDF galaxies, we could measure 
for seven objects. But only three (PDF 1161, 4285, 7459) 
of the four PDF galaxies (& PDF 6439) with seemingly too 



low an Mgb for their a have H(5 measurements. The other 
four PDF objects with known H(S (PDF 5011, 6307, 6336, 
7796) are distributed in the Mgf,-fT plane like the other 
ones, although one of them (PDF 7796) has rather strong 
H(5. Only one of the low-Mgj, objects (PDF 7459) has very 
strong absorption which would be in compliance with 
a post-starburst model. 

5. Line diagnostic diagrams 

Absorption line strengths can be taken as measurements 
of the average age and metallicity of a stellar population. 
Within the Lick/IDS system, H/3 usually is taken as an 
indicator for age, whereas a combination of Mg;,, Fe5270, 
and Pe 5335 yields information on the mean metallicity 
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[Z/H] fe.g. lFaber eral]ll985l: Ixrager et alJll99a() . Since a 
galaxy's spectrum is averaged over the slit aperture, any 
possible radial gradient of the lines is smeared out and the 
measurements represent luminosity- weighted mean values 
only. The first effect is counterbalanced by correcting the 
observed line strength (see SectiorJ^l) according to aper- 
ture size assuming the validity of the locally determined 
radial gradients at higher redshifts. The age and metallic- 
ity of a stellar population can be deduced by comparing 
different indices in so-called line diagnostic diagrams to a 
model grid. Minimizing the differences between observed 
and model values, best fitting values for age and metal- 



licity can be determined. Before we investigate the fitted 
model parameters in Sectional we show the actual data in 
Figures^] and As mentioned before, important absorp- 
tion lines of a galaxy can get redshifted into the regime 
of strong terrestrial emission and absorption features, so 
that it is not possible to measure them with sufficient ac- 
curacy. For our distant galaxies at z ~ 0.4 one or more 
of the four traditional indices are affected. In order not 
to greatly reduce the samples, we do neither combine as 
usual Fe 5270 and Fe 5335 to a mean Fe index (Fe) nor do 
we add Mg;, to form [MgFe] . 
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Fig. 4. The same samples (and symbols) as in Figure|3| displaying H/3 vs. Mgb taken as indicative of age and 
metallicity [Z/H], respectively. Big open triangle and sq uare denote the mea n value of the distant and local cluster 
sample respectively. The lines connect model values from lThomas et all 1 200,'^ enhanced in Mg so that [Mg/Fe] = 0.3. 
Sohd lines correspond to ages of 2, 5, 10, 15 Gyr top to bottom and dashed lines to [Z/H] = —0.33, 0, 0.33, 0.67 left to 
right. 



To investigate qualitatively age and metallicity effects, 
we p lot in FigureBI only R versus Mg;, with a model grid 
from lThomas et ahl l)2003|) that takes into account the en- 
hancement of Mg over Fe observed in most elliptical galax- 
ies by fixing [Mg/Fe] to 0.3. The local cluster galaxies are 
mainly located in a region bet ween solar and thrice solar 
[Z/H] and old ages of 5-15 Gyrs ijThomas et alJ2005^ . The 
error-weighted mean values for the local cluster galaxies 
are 1.76 A for H/3 and 4.67 A for Mg^. The distant clus- 
ter ellipticals show a wide spread in Mgf, with accordingly 
sub- to supersolar metallicities. The error-weighted mean 
values are 1.74A for H/? and 4.28 A for Mg^. The statistics 



of the distant field ellipticals suffers from the low number 
of eight galaxies. Three galaxies have intermediate popu- 
lations similar to the mean of the distant cluster sample. 
Two FDF galaxies have such low H/3 that they fall below 
the "oldest" model line (15 Gyr) and seem to have subso- 
lar [Z/H], whereas three other ones are compatible with 
ages of 2 — 3 Gyrs with 1 — 2 x solar [Z /H] assuming simple 
stellar populations (SSPs). 

To look for any possible enhancement of Mg over Fe 
with respect to the solar abundance ratio [Mg/Fc] = 0, 
we plot in FigureElthe Fe5335 index versus Mg^. Local 
galaxies are located between 1 — 3x solar [Mg/Fe]. The 
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Fig. 5. The same samples (and symbols) as in FigurelSl displaying; Fe 5335 v s. Mgf, to investigate the relative enrich- 
ment of Fe and Mg. The lines connect model values from lThomas et all l)2003(l for a constant age of 10 Gyr. Solid lines 
correspond to [Mg/Fe] = 0, 0.3, 0.5 top to bottom and dashed lines to [Z/H] = -0.33, 0, 0.33, 0.67 left to right. 



distant objects scatter within the same range independent 
from being in a cluster or field environment. 

6. The stellar populations 

We now discuss the model parameters for the galaxies. For 
each individual galaxy best fitting model parameters were 
determi ned by a min imization algorithm as explained in 
detail in lThomas et al. ( 2005) . The measured (cr and aper- 
ture corrected) line strengths were compared iteratively to 
predicted model line strengths where the [Mg/Fe] ratio, 
metallicity [Z/H], and age was varied. Observed strengths 
of Mgb and Fe 5335 were used in combination whenever 
their measurement was trustworthy. These lines were si- 
multanously fitted together with one of the Balmer indices 



H/3, HjF, or HSf (when available). With that procedure 
we took into account the dependence of these lines on 
the Mg/Fe ratio, which is in particular import ant for the 
higher order Balmer lines (jrho mas et al]l2004f) . 

In FigureEl we investigate the scaling relations of the 
resulting stellar parameters w ith velocity dispersio n found 
for local early- type galaxies ijThomas et alJl2005j) . Ages, 
metallicities, and a/Fe ratios correlate with a and there- 
fore stellar mass. For the comparison, wc now only take 
the 86 galaxies from the local sample classififed as being 
old (> 5 Gyr), since the presented scaling relations were 
derived for this object class (Category 1) only. The local 
cluster and field samples differ slightly in the zeropoint of 
the linear fits for ages and for metallicities. In FigureEl 
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we overplot the derived stellar population parameters of 
the distant galaxies. For this comparison, we add the re- 
spective look-back time to the age of a galaxy. For all three 
distributions, the distant samples nicely match the local 
ones. The individual data points scatter around the local 
fit lines, but not significantly larger than the local ones, 
and follow the same trends. In particular, the local a/Fe- 
a relation is also obeyed by the distant galaxies. This is 



in compliance with the derived ages that are younger only 
corresponding to their look-back times. From this we can 
conclude that for the majority of the local galaxies no sig- 
nificant star formation episodes and no further chemical 
enrichment has taken place within the last ^ 5 Gyr. Slight 
differences (which are not significant) in [Z/Hj-cr between 
the local and distant samples may be attributed to the 
fact, that the aperture correction in the case of the distant 
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galaxies was done onto the nominal aperture whereas the 
local galaxies were measured within 1/lOth of Re- Since 
age and a/Fe have zero radial gradients in local galax- 
ies llMehlert et al.ll200.'^ . only our [Z/H] determinations 
could be affected in the sense that they are systematically 
slightly too low. 

7. Summary and discussion 

We have investigated the kinematic, photometric, struc- 
tural, and stellar population parameters of a sample 
of field galaxies with mean redshift 0.4. The galaxies 
were drawn from the FORS Deep Field on the basis of 
their early-type SED, i.e. their optical and near-infrared 
colours. It turned out that they all have indeed absorption- 
line spectra without any emission line, i.e. without obvious 
indication for ongoing star formation. Their structure is 
mostly dominated by a bulge component, but a few galax- 
ies clearly have disks like local lenticular SO galaxies. 

To learn about any possible evolution specific to the 
low-density environment, we compare the FDF sample 
to galaxies in three rich clusters at similar redshifts and 
to local samples both with field and cluster galaxies. We 
have first explored the luminosity evolution via the Faber- 
Jackson and Fundamental Plane relations. Assuming that 
the structure (size) and mass (velocity dispersion) of el- 
liptical galaxies do not change with time, we find consis- 
tently from both scaling relations a very modest evolution 
in brightness that can be modeled by passive evolution of 
a simple stellar population (SSP). The average increase of 
the B luminosities by 0.3-0.5 mag is found for both the 
distant field and cluster galaxies and can be explained by 
a high formation redshift {zf > 2) of their stars. 

This result is consistent with those studies that 
also find a weak luminosity evolution and little differ- 
ence between field and cluster ellipticals. In their FP 
study of 18 field ear Iv- tvpe galaxies with (z) = 0.4, 
Ivan Dokkum et all l|200l|) also find that they are brighter 
in B by 0.4 mag in general, which can be modeled with 
an SSP only slightly younger than in the case of their 
cluster galaxies. A similar conclusion was reached by 
lR,usin et al.l 1 2003 1) . who measured an i ncrease by .5 mag 
at z = OA. In contrast, ot her groups hke lTreu et alJ l|2002.) 
or lGebhardt et all l)2003l) find that the evolution for field 
galaxies is stronger compatible with a significant younger 
mean age for their stellar populations than in the case 
of cluster galaxies. Restricting their samples to galaxies 
around z = 0.4, AB amounts to 0.7-0.8 mag. The differ- 
ences among the various studies become even more promi- 
nent at higher z, where the latter authors derive a much 
larger brightening for the field galaxies in comparison to 
cluster members. The rather small differences at z w 0.4 
may arise from the still quite small numbers of observed 
galaxies per sample. These small samples may therefore 
also be more subject to the particular method to select 
the targets. Our FDF galaxies are, for example, redder 
by 0.7 mag on average in observed {V — I) color than the 
Gebhardt et al. sample, which has {{V — I)) = 1.3 for 5 el- 



lipticals at 0.3 < z < 0.5, while both our field and cluster 
galaxies have {{V — I)) = 2.0. This indicates that our field 
galaxies probably trace predominantly the upper envelope 
of the age-CT distribution. 

Compatibility with SSP models of passive evolution is 
also found for the majority of the FDF galaxies in the 
Mgb-cr relation. Their mean offset from the local relation 
is with —0.8 A identical to the one for the distant cluster 
galaxies. The local slope is followed by the distant galax- 
ies as well with a tendency for a slight steepening at the 
low-mass end. This indicates that age cannot be the prin- 
cipal driver of the main part of the relationship. Otherwise 
a significant steepening also at the high-mass end would 
be detected, as the Mgf, index of younger objects, that 
also have on average lower a according to the age-cr cor- 
relation, would evolve faster to lower index values with 
increasing redshift. This result is in line with the con- 
clusion drawn by several loca l studies (e.g. iTrager et all 
kOOd iKuntschner et all l2002t iThomas et all kOO^ that 
the Mgb-cr relation is driven by metallicity rather than 
by age. 

To explore in more detail the distribution in metal- 
licity, chemical enrichment, and mean ages of the stellar 
systems, we compare diagnostic absorption lines from the 
Lick system to SSP models. To this purpose we simultane- 
ously fit measured Mg, Fe, and Balmer indices by varying 
model ages, [Z/H] metallicities, and [a/Fe] ratios. We find 
a broad range in these model parameters for both distant 
samples, field and clusters. But their distributions are not 
random because all three stellar population parameters 
scale with velocity dispersion, and, therefore, to some de- 
gree with total mass, like their local counterparts. 

A passive evolution of cluster galaxies fr om z = 0.5 
to was also favoured by Ijones et al. 1 ^l2000^ investigat- 
ing the distribution of USa with metal lines measured in 
co-added spectra. They detect no significant difference be- 
tween morphologically classified SO and E galaxies argu- 
ing also, that the majority of SO cluster members do not 
show any evidence of recent star formation activity as ex- 
pected in some scenarios of galaxy transformation. Two of 
our FDF galaxies (FDF 6336 & 7796) have extraordinary 
HSp absorption leading to young model ages under the 
assumption of a single stellar population. Their strengths 
may also be explained in a scenario where these galaxies 
had experienced a short intense star burst in their recent 
past involving only a small fraction of their mass. The 
ACS images reveal a significant disk component in these 
two galaxies, which may point to a very early spiral mor- 
phology. In that case a low-level continous star formation 
mi ght be expecte d , but w e do not detect any emission line. 

iKelson et al.l l|200lh investigated the higher-order 
Balmer lines TISa and H"fA of early-type galaxies in three 
clusters at z = 0.3, 0.6 & 0.8 claiming that there is a corre- 
lation with a with small scatter. Interpreting the offsets in 
the zeropoint for the three redshifts as caused by an evo- 
lution in the mean age of the stellar systems, they derive 
formation redshifts of 2/ > 2 for SSP models assuming 
co-evality for all galaxies. Since we only have four FDF 
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galaxies with high-quality measurements of the two in- 
dices (and none in the cluster sample), we can not confirm 
or exclude a correlation with a. But the assumption that 
all galaxies have roughly the same age must be rejected 
for our cluster galaxies. 

At last, we investigate whether our findings derived 
from the Fundamental Plane and the absorption line di- 
agnosis with respect to luminosity evolution are compati- 
ble with each other also quantitatively. We determine the 
model brightening of our galaxies from the predicted rest- 
frame B magnitudes for the respective ages and lookback 
times taking into account the derived [Z/H] m etallicities 
and fg /Fe] ratios using again SSP models bv iMarastonI 
1)2005(1 . In Figure[7| we make this comparison by sub- 
tracting the predicted luminosity evolution from the ob- 
served data points. The evolution-corrected distant FP 
falls onto the local relation and nicely matches the dis- 
tribution of the local galaxies. The one outlier is that 
galaxy (FDF7796), for which we speculated above that 
it has undergone a recent starburst therby causing the 
light-averaged age to be very low. 

In summary, we conclude from our study that the evo- 
lution of the stellar populations of the majority of early- 
type galaxies within the last 3-6 Gyr is compatible with 
the scenario of passive evolution. Since the a/Fe-cr and 
age-tJ relations did not change since z = 0.4, no signifi- 
cant star formation and chemical enrichment has occured 
since that time. To investigate certain issues in more de- 
tail, like any possible difference between low- and high- 
density environments, new studies with more objects are 
required with high SjN measurements allowing the inves- 
tigation of several aspects (FP & line diagnostics) ideally 
out to higher redshifts. To this respect, we are currently 
analyzing another sample of distant absorption-line galax- 
ies drawn from the William-Herschel Deep Field for which 
we also have VLT spectra and HST/ACS imaging with a 
similar quality as for the FDF galaxies presented here. 
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Table A. l. Basic parameter s for the FORS Deep Field galaxies. 

1. ID from lHeidt' et alJ l)2003|) . 2. redshift, 3. luminosity distance, 4. lookback time, 5. signal/noise, 6. velocity dispersion 
corrected for aperture (see Section|21), 7. its error, 8.-11. FORS total magnitudes (SExtractor's mag_best), 12. absolute 
restframe B magnitude, 3., 4., & 12. for r^mattor = 0.3, i}\ = 0.7, Hq ~ 70kms^^ Mpc~-^ 

*: no entry because object not visible on respective image 
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Table A. 2. Line strengths of fully corrected (see SectionEJ) Lick indices of the FORS Deep Field galaxies together 
with their errors and (by-eye) quality flags. Units are A. Quality flags: 0: satisfactory, 1: a bit noisy, 2: in region of 
strong sky line, 6: affected by telluric B band, 7: affected by telluric A band, 8: affected by end of spectrum, 9: not 
visible. 
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Table A. 3. Fully corrected Fe5335 Lick index and SSP model ages, metallicities [Z/H], and Mg/Fe ratios [a/Fe] of the 
FORS Deep Field galaxies. Average errors in log (age), [Z/H], and [a/Fe] are O.lSdex, 0.2 dex, and 0.15dex, respec- 
tively. In columns it is indicated, which Balmer line was used to derive the model age. The last four columns arc based 
on the HST/ACS images: ACS total I magnitude (galfit), mean surface brightness in B within Rg corrected for cos- 
mological dimming, and half-light radius (galfit). Physical units for Omatter = 0.3, fix = 0.7, Hq = 70kms~^ Mpc~^. 
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